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Pre face

Grav itat ional satellite missions had their beginnings in the gravity field
requirements for satellite orbit computat ions. As this work developed in the
late 1 960’s, it became clear that the satellite-determ ined gravity field data
contained a large amount  of geop hysical and geodetic information. Today, it
appears th~st satel l i te  technology may be capable of resolving the short - and
intermediate -wavelength components (100— 1 000 km) in the earth’ s gravity
field , thereby contr ibut ing even more si gnificantly to the solution of geo-
ph ysical and geodetic problems and opening up important  oceanic app lica-
tions. The National Research Council’ s report , Geodesy: Trends and Pros-
pects (Committee on Geodesy , 1978), recommended a dedicate d gravi ta t ional
satelli te mission (a low-al t i tude satellite or satellites to be launched specifi-
call y for the purpose of accurately determining the details of the earth’ s
gravity field) subject to the analysis of accuracy requirements and feasi-
bilities.  Therefore , it is appropriate to consider the possible scientific and
technological app lications of data of a given accuracy and re so lution result ing
from such a mission and to recommend future  courses of actior

This report is the product of a Workshop held in Washington , D.C., from
November 28 to November 30, 1978 , at the request of the National Aero-
il autics and Space Admi nis t ra t ion , under the auspices of the N RC ’s Commit-
t ee on Geodesy and its Panel on Gr avity Field and Sea Level , to ascertain the
app lications of a dedicate d gravitatio nal satellite mission.
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1
Int roduction

The primary needs for improved gravity (or gravity-depen dent data at
1 00— 3000 km resolution are in two areas: (1) solid-earth geophysics, where
variations in the gravity field give information on the earth’ s physical prop-
erties and geod ynamic processes and place constrai n ts on the interna l struc-
ture of the earth ; and (2) oceanograp hy, wh ere departures of the actual sea
sur face fro m a u ni qu e equ ipot en tia l surface of the eart h’s gravity field (the
geoid ) indicate the near-surface pressure gradients associated with the general
oceanic ci rculation. In both of these areas , the perceived contributions of a
dedicated gravitational satellite mission are intimatel y boun d to satell ite
altimetry, such as that obtained from the Skylab , GEOS-3 , and SEASAT- 1
missions. In solid-earth geophysics, the shape of the sea surface (assumed to
be the geoid , if dynamic oceanograp hic and meteorological effects are ne-
glected) gives information about the earth’s structure below the oceans close-
ly related to that obtainable from the gravity field. In oceanography, knowl-
ed ge of the geoid from gravity measurements, combined with sea-height
measurements from altimetry and density data , can reveal information on
oceanic circulation. In addition , there are other areas , such as satellite orbit
and classical geodesy, that could benefit from the improved knowledge of the
earth’ s gravity field.

The Workshop was therefore organized in four panels as follows: (1) Tech-
nology , char ged with giving the participants an insi gh t int o possib le reali za-
tioi~ of a gravitational satellite mission and the accuracies and resolutions
obtainable th erefrom ; (2) Solid-Earth Geoph ysics App lications; (3) Oceano-
gra phic Applications; and (4) Geodetic App lications. The Workshop consisted
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Introduction 3

of two parts: in the fi rst , pa r tici pa nts discussed presentations by the individ-
ual panelists; in the second , the sections (with the exception of the Techn ol-
ogy Section) met separately to discuss their individual areas of expertise and
to prepare a written report. As it was not the purp ose of the Workshop to
reach a consensus on the most suitable technology for a mission , the first
section did not prepare a detailed written report .

The body of this report consists of five chapters: Chapter 2 summarizes
the mission technology ; Chapter 3 is the report of the Solid-Earth Geophysics
Applications Section (incIudi~tg marine geophysics); Chapter 4 contains the
findings of the Section on Oteanographic Applications; and Chapter 5 that of
the Section on Geodetic Applications. Chapter 6 is a summary of the major
conclusions and recommendations.

The signi ficance of a dedi ca ted gra vit atio nal sate ll it e mission can onl y be
assessed in the context of what is already known. Figure 1 .1 indicates that
part of the earth’s sur face for which gravit y anomalies avera ged over 1

0 x 1
0

blocks are considered known to iO~~ m sec 2 (10 mgal) or better accuracy.
Clearly, there are large gaps, including Eurasia , much of Africa and South
America, and the polar regions. The data gaps exist because of political and
topographical difficulties of access and because in ocean areas altimeter or
ship measurements are not currently available. Few of these difficulties are
likely to be lessened in the foreseeable future.



2
Technolo gy Assessment

Although the pri mary aim of the Worksh op was to consider th e basic
scientific and app l icatio n s req uirements for in formation to be obtained from
a dedicated gravi ta tion al sate ll ite mi ssion , the Workshop organizers were
compelled to consider the current state of technology for such a mission to
acq uaint users wit h proposed tech nology and to indicate the presen t assess-
ment of capabilities. Representatives from organizations involve d with such
assessments were asked to present their current views on what would con-
stit ute such a mission and to indicate the estimated accuracies achievable for
the parameters of interest. The purpose of this chapter is to summarize these
presentations and to indicate what additional information may be needed ni

de fining a dedicated gravitational satellite mission. The presentations are
available from the authors (Argentiero , 1978; Fischell , 1978; Rummel , in
press ; an d Heller , in press)

2.1 NASA / GSFC SATELLITE-TO-SATELLITE INVESTIGATIONS
(Argentiero , 1978)

One concept for a dedicated gravitational satellite mission involve s the use of
satel lite-to-satellite tracking (ssT), in which measurements are made between
two satellites rather tha n between a satellite and a ground station. The data
ty pe is primaril y ra n ge rate , which is more sensitive to local gravity anomaly
fie lds th an are the traditio n al di rect satellite tracki n g dat a. There are two
possible configurations: ( I )  the hi gh—low case and (2) the low—low case.

4 
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Technology Assessment S

In the hig h—low case , a satellite in a low-altitude , high-inclination orbit is
tracked by the synchronous relay satellite of the Tracking Data Relay Satel-
lite System (TDRsS) . The data type to be obtained from this experiment has
been previously obtained in the ATS-6 / GEOS-3 , ATS-6/Nintbus-6 , and
Apollo-Soyuz/ATs-6 SST experiments. To achieve the required sensitivity in
the gravity field , the low-altitude satellite was considered to be at an altitude

L of 250 km. At this low altitude , a surface-force compensation system is
required to eliminate or reduce the large unmodeled atmospheric drag effects.

In the low—low case , two surface-force-compensated satellites would be
laun ched in identical high-inclination , low-altitude (250 km , for examp le)
orbits. At present , the optimal satellite separation has not been determined; it
is tho ught that it would be of the order of a few hundre d kilometers. The
data type would be the two-way range rate between the satellites relayed to
the groun d by TDRSS.

Both systems were examined for gravity anomaly recovery . In the simula-
tion s, the anomalous gravity field was represented by a set of mean gravity
anomalies for 1 0 x 1

0 blocks. The author noted the conceptual difficulty of
carrying out the downward continuation problem to obtain gravity anomalies
on the surface of the earth f o m  data obtained at an altitude of 250 km.

In the analysis of the high-low mission , a dat a noise of 1.5 x iO~~ m sec m

(Committee on Geodesy, 1978 , p. 65), a six-month mission lifetime , and
nominal a priori orbits for the high and low satellites were assumed. Using
short arcs, with sim ultaneous estimation of satellite epoch states , mean grav-
ity anomalies for 1

0 x 10 blocks were recovered to an accuracy of iO-~ m
sec 2 (10 mgal), corresponding to an accuracy of a point geoid undulation of
approximatel y 60 cm , or to 35-cm mean undulation differences in adjacent
1

0 x 1
0 blocks .

For the low—low mission , the satellites were assumed at an altitude of 250
km in a polar circular orbit separated by 300 km. Using a data noise of 3 x
l0 6 m sec ’ , mean gravity anomalies for 1

0 x 1
0 blocks were obtained to

10” m sec 2 (10 mgal), the same as for the high—low case .

2.2 JOHN S HOPK INS/APPLIED PHYSICS LABOR ATORY SATELLITE-
TO-SATELLITE INVESTIGATIONS (Fiscliell , 1978)

The concept of a dedicated gravitational satellite mission in terms of a low -
low satellite confI guratio n , using a drag compensation system called DISCOS ,
was presented. The DISCOS system has been successfully used on the T R I A D
satellite flown at an altitude of 700 km. A Shuttle laun ch was suggested , with
re fueling of the DISCOS system to be carried ‘mt by a Shuttle mission. In the
proposed mission , the height of the satellites could be varied from 1 25 to 250
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km and the separation of the satellites could be varied to optimize the sensi-
tivity of the range-rate signal to specific wavelength components of the
earth’s gravitational field.

An attempt has been made to assess the accuracies to be recovered in the
frequency spectrum of the earth’s gravity field usin g this concept. For ex-
amp le, at an altitude of 150 km , assumin g a relative velocity measurement
accuracy of l0-~ m sec~~, an accuracy of approximately 8 x l0-~ m sec 2
(0.08 mgal) was claimed at a wavelength of 200 km. Studies were not avail-
able to indicate how well the various components of the true gravity field can
be separated in this system , and the accuracy of mean anomalies determined
for various size blocks are not known.

2.3 TECHNICAL UNIVERSITY OF MUNICH (SFB 78) SATELLITE-TO-
SATELLITE IN VESTIGATIONS (Rummel , in press)

A number of computations involving the analysis of satellite-to-satellite track-
ing (SST) or satellite gradiometry missions were described. The analysis of the
SST missions considered both the high—low and low—low cases. Equations
and erro r models that were used to determine the accuracy of a range-rate
measurement needed for the different missions to achieve a resolution of the
gravity field at various wavelengths were presented. For examp le, for a wave-
length of 220 km , a high—low mission , where the low satell ite is at an altitude
of 240 km , requires a range-rate accuracy of 5 x 10-6 m sec~~; at 150 km this
would become 6 x 1O~ m sec ’. For a low-low mission with a satellite
separation of 50 km , the range-rate accuracy needed is 4 x 10-6 m sec ’ for a
240-km altitude and 45 x 10 6 m sec~ for a 150-km altitude. Accuracies for
gradiometer and possible acceleration measurements were also given.

Based on the accu r acy est imates for satellites at 240-km altitude , the
achievable estimated accuracies in the determination of 1

0 x 1
0 mean gravity

anomalies and mean geoid undulation were presented. Formal estimates are
about 5 x l0~ m sec 2 (5 mgal) for the anomalies and 20 cm for the
undulations. Howeve r , the actual standard deviations would be poorer by a
factor of 2 or 3.

Another system is the Space Laser Low Orbit Mission (SLALOM) experi-
ment being considered by the European Space Agency (ESA , 1978). This
experiment involves two passive targets tracked by a laser telescope mounted
on a Spacelab pallet. The laser telescope automatically tracks the two sub-
satellites , ultimately determining the range rate between the satellites. This
range rate is then analyze d for gravity parameter recove ry. In concept , one
subsatellite is placed close to the Spacelab (approximately 20 km), while the
other may be at a distance of 250 km. The SLALOM mission has several
disadvantages , including ( 1)  a short mission lifetime , so that only local areas
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ca n be cove red in one mission ; (2) residual air drag between th e subsatellites
may be a problem; and (3) maintenance of a favorable geometry of the
Spacelab and the two subsatellites is needed. On the other hand , the re are a
n u mber of adv an tages , including ( I )  the avoidance of a drag-compensation
system , (2) the availa bility of an instrumentation plat for m on Spacelab , and
(3) the inexpensive repeatability of the experiment to improve the data
coverage.

— The author expressed concern about the theoretical prob lems inherent in
the reduction of the satellite information to the surface of the earth at the
short wavelengths being considered. These problems are addressed later in this
report.

2.4 THE ANALYTIC SCIENCE CORPORATION (TASC) GRADIOMETRY
INVESTIGATIONS (Heller , in press)

Another candidate data type for a dedicated gravitational satellite mission is
t hat obtained from gradiometry. Rummel (in press) estimated that at an
altitude of 240 km the second derivative of the disturbing potential in the
radial direction should be known to an accuracy of 0.028 E (Eötvös un it—I E
is equival ent to a gravitational gradie nt of iO-~ m sec 2/ m). Heller described a
possib le gradiometer mission in which a satellite would fly in a circular polar
orbit at an altitude between 250 and 300 km. The proposed mission would
last 8 or 9 days to achieve resol ution of mean gravity anomalies for 2° x 2°
blocks. Even with lower orbits and improved gradio meter accuracy it is
improbable that a gradiometer mission will provide harmonic terms much
beyond degree 100.

The three gradio meter systems being developed by Hughes Research
Laboratories , the Dra per Laboratory, and the Bell Aerospace Company were
described (see also Committee on Geodesy, 1978, p. 61). These gradiometers
are bei n g deve l oped for ter restria l applications. A satellite mission would
require a gradiometer 30 to 100 times less noisy than has been demonstrated
in the laboratory . Howeve r , the orbital environment possesses advantage s over
the terrestria l , includi ng the very be nign vibration and zero-g conditions of
space , as well as re laxation of package size constraints. Currently active devel-
opers , if not confronted with unforeseen difficulties , might construct a
gradiometer suitable for a space mission in two years.

2.5 RECOMMENDATIONS

The technolog ies described for a dedicated gravitatio nal satellite mission
clearl y indicate that there is potential for the im provemen t of existing gravity

‘
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8 DEDICATED G R A V i T A T I O N A L  SATELLITE MISSION

information. Howeve r , problems exist when one tries to compare the various
systems. The problems arise from the varying assumptions made for each
system and in the various types of parameters used to represent the gravity
field. It becomes clear that final conclusions cannot be drawn as to what such
a nhissio n can yield in terms of an improved gravity field without additional
rigoro us simulation analyses. Such analyses should be conducted by groups
concerned with satellite technology and data-reduction procedures.

In such analyses it is recom mended th at other existing lit eratu re (such as
Kaula et a!., 1975 , 1978; Hajela , 1974, 1978) be examined and additional
studies be made to answer the following questions for the high—low and
low-low missions:~

I .  What are reasonable assumptions on the range-rate data noise?
2. What are the orbital accuracies needed for the satellites involved? Alter-

nativ ely, what are the ground-tracking requirements for a dedicated gravita-
tio nal satellite mission?

3. Is there one “best” gravity parameterization for the satellite-to-satellite
t racking mission? Should mean block anomalies, or mean und ulatio ns, or
potential coefficients , or other parameters (such as could be associated with
linear gravity features) be dealt with? There should be common agreement on
this parameterization when discussing the accuracies to be achieved by the
variou s systems.

4. After the above questions have been answered , what are the accuracies
of and the cross-correlations between the selected gravity field parameters to
be determined by means of the dedicated gravitational satellite missions
proposed?

5. What are the mission trade -offs in terms of area coverage , accuracy, and
altit ude (i.e., fuel consumption and lifetimes)?

6. Are global missions needed , or is it more cost-effective to u se local
missions such as the SLALOM experiment?

4



3
Solid- Earth Geophysics

The study of the earth’ s gravitational field has proven to be one of the
princi pal means of determining the str ucture of the outer par t of the eart h.
Gravity measurements on the continent s , which have been obtained ro u tinely
since the beginning of the century, have enabled importa n t conc lusions to be
made about the manner in which the outer layers of the earth achieve equi-
l ibr ium. The earliest measurements showed that the Airy and Pratt hypoth-
eses of isostasy , estabhshed at the end of the last century, may explain how
sur face features are su pported . Gravity data on the continents have also been
use ful in geological studies , particularl y the granite problem and origin of
(continental) rift valleys and sedimentary basins. During the 1920’s, Venin g
Meinesz developed the technique of measuring gravity in the oceans using a
pendulum apparatus on board a submarine. These measurements led to the
discove ry of large-amp litude negative-gravity anomalies over deep-sea trenches
and to the developmen t of the regional (or flexure) model of isostasy. Gravity
measure ments at sea have since provided the basis for commonly accepted
models for t he crustal and mantle structur e of Atlantic-type continental mar-
gins, island arcs , and midoceanic ridges.

Since the development of the concept of plate tectonics , around 1967 ,
t here h ave been two approaches to th e inte rp retation of gravity data over the
con tinen ts and oceans that have proven useful to a wide range of eart h
scientists. The first approach uses gravity and elevation or bathymetry data to

• determine information on the long-term mechanical properties of the litho-
spheric plates. The second approach uses 400—3000 km resolution gravity
anomalies to deduce information on deep processes occurring beneath the
pl ates , suc h as mantle convection.

4 9
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We beli eve tha t  a dedicated gravi ta t ional  sa te l l i te  mission will  provide use-
ful new information both on the mechanical properties of the plates and on
the deep processes occurring beneath the plates , such as those associated with
the drivin g mechanism of plate tectonics. These studies address two of the most
important current geodynamics problems and are likely to he of considerable
interest to a wide range of geologists and geoph ysicists.

This section summarizes some of the geophysical and geolo gical prob lems
that may be addressed by such a satellite mission. We have made no attempt
to summarize all the problems but have concentrated on only a few problems
that we believe have the highest potential.

3.1 CONTINENTS

The tectonics and evolution of the continents are , in general , less understood
than the oceans despite th eir accessibi l ity and long history of study. The
concept of seafloor spreading has enabled us to explain the major features of
the oceans such as m idocean ic rid ges, deep-sea trenches , and island arcs. We
now have excellent models for the creation of the oceanic crust in the axial
regions of midocean ridge crests and the subsequent aging and cooling of the
crust as it moves away. In the continents , the processes are older , more
complex , and , in general , more di fficult to interpret.

3.1.1 Sedimentary Basins

Sedimentary basins contain in their strati grap hic history the best record of
vertical motions of the earth’s surface over time scales as long as hundreds of
millions of years. While theories of isostatic compensation and thermal con-
ductive cooling can exp lain the observed subsidence of sediment traps , the
mode of formation and the dynamic s of the subsequent evolution of sedi-
mentary basins remain major unsolve d problems in geotectonics. Although
basin stratigraphy provides a major constraint on the subsidence history, such
data are consistent with a variety of models for basin-initiati ng mechanisms
and exp lanations for the continuing subsidence. To distinguish between pro-
posed m odels, an estimate of the basement and Moho configuration is neces-
sary. For examp le , the basement and Moho confi guratio n for a basin formed
by graben downfaulting would be expected to diffe r si gnificantly f rom that
for a basin formed by lithosp heric thermal cooling.

Gravity data ove r sedimentary basins is a usefu l constrain t on the base-
ment and Moho configuration , as well as providing information on whether
the basin is in isostatic equilibrium or not. Some sedimentary basins (fo r
examp le , the Carbon iferous m illed basins underlying the Scotian shelf and
Gulf of St. Lawrence, Figure 3.1) are associated with large-amp litude nega .
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FIGURE 3.1 Example of Bouguer gravity anomaly “low” over a deep sedimentary basin
benea th the Gulf of St Lawrence . This basin is relativ ely narro w (30-60 km) and is
associated w ith a large-amplitude gravity “low ” of about 50 mgal. The gravity “low” has
been used to infer the con figuration of the basin. From Watts (1972). Reproduced by
perm ission of the National Research Council of Canada from the Canad ian Journal of
Earth Sciences, VoL 9, pp. 1504-1528 (1972).

tive-gravity anomalies that can be explained by the large thickness of sedi-
ments and a plausible basement configurati on. Thus, these basins are not

4 compen sated , and we clearly cannot invoke an isostatic adjustment as a

- ~~~~~~~~~~~~~~~~~~~~~~ ~~~~‘ — -— — . - - - -
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iiiecltaiiisiii responsible to l  c o n t i n u e d  hii~ iii s u h s n l e l i L  e i i i  c o i l t i a s l . sonic

baSITIS ( t o t  e\alnp le _ l i t e \ i i t l h  Se a )  tire as soLia t ed w i t h  i~eat Is ,ero ai,oiii al ies .
stiecest  i np t h e  Ia ;g e t h i i c k i i e ’,s i i i  s ed i t t i e t i t s  ar e u i i i i i p e i i - ~a ie d  at dep th .

At P~ese n~. hi weve l - l ie s t r u L t i i l~t I cOl i t ig i l I i tR)n aiid s la te  of sos ta t i c
CqUilihlililfl a t e  pooi  lv knowii to t  most Ti la jor  l)asiI ls (III the COT 1I I ! le l i t .  The
A s i a n . A t r i c a t , , a nd South  A li te r ical l  c o l I t l T t C i i i s  a t e  t i l e  most po ) r I y  samp led.
Since t h e  m i n i m u m  dimensio n of m u st basins is iii t he  t a n ~e ~l I 20 to 400
km . a d edi c a t e d  g r a v i t a t i o n a l  s a t e l h i l t ;  lu i ssioii , wU h a I 0 — iii ~ al .iL c t i l a c v  and
I 00 —k ti i  t e s o h u t i o n  cou ld p io v i de  u s e f u l  i n t o r m a t i o n  t i l t  t he  s t O l c i  u t a h  Co il—

fi gurat ion and state of i so sta t i c equ i l i b r ium - More d e t a i l e d  i i i  I ‘n n a t i o n  (fo m
example , of the configuration of the basin and its margin) could only be
deter m ined , however , wit h shorter wavelength and more accurate data ,

A better understanding of the formation and subsidence of sedimenta ry
basins is important in assessing earth resources. Many of the world’ s m ajor oil
fie lds are located in sedimentary basins or in synclinal structures. Since grav-
ity data are sensitive to the overall thickness of sedimentary rocks in a basin ,
as well as the con fi guration of the basement and Moho , t hey provide use fu l
in formation on the regional geologica l structure of a basin. An understanding
of the regional geological struct ure of a basin is necessary in order to enable
t he resources of a region to be assessed accurately.

3.1.2 Shield Areas

The shield areas of the continents have not undergone tectonic disturbance ,
apart from gentle vertical movements , since earl y geological time. Most
shields can be resolved into a number of Precambrian provinces , indicating
that they are at least 600,000,000 years old. The great age of the shields and
their long history of lit t le tectonic disturbance make them an Important
region of study.

During the past few years , a numbe r of important studies .1  continental
isostasy have been carried out (Lewis and Dorman , 1970; McN L ’t t  and Parker ,
1978; Stephenson , in preparation) using the well-samp led grav ity and eleva-
tion data from the continen t a~ United States , the Canadian shield , and
Australia. The data from these regions Save been used to calculate frequency-
re sponse filters summari z ing the relationship between gravity anomaly and
la nd elevation. These filters , ter med “isostatic respo n se functions ” (Figure
3.2), revea l at what wavelengths isostatic compensation of surface features
become significant. The wavelengths of interest lie between 100 and 1000
km . and it is in this range of resolutio n that gravity and topograp h y data
provide information on how the earth supports the excess weight of topo .
gra ph ic features t h at can be gain ed by no other geophysical measurement.
The Australian and U.S. response functions diffe r significantl y, which in-
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FIGURE 3.2 Isostatic response functions fo r Austra lia and the United States (after
McNutt and Parker , 1978). This figure , derived from an analysis of detailed gravity and
elevation data, reveal s at what waveleng ths isostatic compensatio n of surfac e feature s be-
come significant. The range of wavelengths for which isostasy is importan t is dependent
on the mechanism of isostasy and, therefore , on the long-term mechanical prop erties of
the lithosphere.

dicates that the isostatic mechanism is not uniform. The mode of compensa-
tio n could depend on the age of the load , the thermal characteristics of the
lithosp here , or the method in which the load is app lied. Howeve r , the North
American and Australian data alone cannot decide this issue.

In order to continue this prelimin ary work on continental isostasy, more
data from ot her shield areas are necessary . The isostatic mechanism is of
interest itself as part of the geologic cycle of topograp hic creation through
tecto nic movements , mai ntenance by isostasy , and destruction by erosion and
weat hering. But perhaps more imp ortantly,  t he physic al laws that govern the
isostatic mechanism depend on the rheological properties of the lithosph ere
and u pper mantle. A study of isostasy provides information on the nature of
this rheology over time scales much longe r than what can be simulated in a
laboratory or measured by field experiments.



14 D l ’D l (A I i - D ( ; R \ v l I  -~ I lO” ~-\ l  S A l  I - 1 1 1 1 t -  SI ISS ION

A dedica t e d  g r a v i t a t i o n a l  s a t e l l i t e  T l i i s s i I ) T i  could p i ovide  use fu l  in fo rma-
t io n . p a r t i cu l a t  I~ t i o m Ai r i can . Asian . and S i u t h i  A i t i c r i c a n  sh ie ld  a i e a s .
where gravi t y  da ta  a t e  e i t h e i  n o n e x i s t e n t  or u n a v a i l a b l e . Si nce the  wave-
lengths at wh ic h  the  degree of c o t l i pe t i sa  t u t u  111 ( 1s t  I ap i d ly  changes lie be—
ween IOU and 1 000 km ( Fi gure 3 2), a resolution uI  100 kni is suff ic ient  -

I l I tweve r , since t h e  response f u n c t i o n s  a le  measu r ed i i i  t e i t u s  of n i gal s  per
met e t , t he data  s~ i l l  n ot  c o n s t r a i n  i s o s t a t t c  models i f the en ot in the field is
greater  than  about 10 mg at / km of t op ogi  ap h i c signal. Shield at eas  ch ar ac te t  -
1st i c a l l s  have low topograp hic relief , on the oi d ei  of onl a t ew h u n d i e d
m e t e r s .  The re fo r e , a s tandard  er ror  in t h e  g rav i ty  f i e l d  of about  10 ingal

mid he acceptable  i i i  at eas of h i g h re l ie f . hu t  \o n le wh at  hig her accuracy ,
3—~ mgai . is desirable ove ; the  shields.

In addi t ion ,  s ince t h e  s tudy  of isos t asv depends on both the g rav i ty  field
and the hand  e levat ion , topogra phy data  are essential  Serious considerat ion
should th ere tor e  he given to col lec t ing all t he  i n f o r m a t i o n  necessary for
studies of isostasy by space techni ques.

3.1.3 Orogenic Belts

Mountain range s, or orogenic belts , are important regions in the continents
because they are the site of convergence between lithosp her ic plates and ,
therefore , are zones of intense deformation. Part of this deformation involves
the emplacement of large loads such as nappe and thrust  slices onto the
surface of the adjacent craton. The response of the lithosp here to these loads
may provide important evidence on the rheology of the lithosphere an d the
processes that occur during collision.

Figu re 3.3 shows a generalized free-air gravity anomaly profile of the
Himalaya. The main features of this profile are a large-amplitude gravity high
over the region of main deformation and a low over the (foreland) Ganga
Basin. A smaller amplitude gravity high exists over the lndo-Gangetic Plateau ,

A similar pattern of gravity anomalies characterizes the orogenic belts of
the Appalachians and the Rockies. The wavelengths of these anomalies may
there fore provide usefu l constraints on the fJ exura l rigidity of the continental
lithosphere and , since the ages of these orogenic belts differ by up to a few
hundred million years , constraints on whether the lithosphere is viscoelastic
on long time scales.

Another important problem on which gravity data may provide usefu l
constraints is the mechanism of continental / continental collision in young
orogenic belts such as the Himalaya. In the Himalaya the geological processes
associated with the collision of the Indian and Asian plates are still in progress
and can therefore be expected to have clear geophysical signatures. Un-

4
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FIGURE 3.3 Free-air gravity anomaly and schematic geological section of the Indo -
Ganget ic Ptateau and Himalaya. A large-amplitude grav ity anomaly high characterizes the
autoch t honous regions of the main deformation and a large-amplitude low characteri zes
the flanking foreland basin. These anomalies provide informat ion on the mass distribu-
tion at orogen ic belts , as well as the mechanical properties of the continental lithosphere.

for tunatel y, because of the difficult  access to the Himalaya caused by terrain
and political boundaries , it has not been possible to obtain an adequate
coverage of surface gravity data.

Figures 14 and 3.5 i l lustrate the kind of geological informatio n a dedi-
cated gravitational satellite mission may provide on the geological processes
occurring in the Himalaya region. Two possible models for the convergence of
the Indian and Asian p lates are shown , along with their gravity effects . Grav-
ity data are available for the Indian shield and Ganga Basin (shown by open
circles in the figures) but are not available for the high Himalaya or Tibet.
Thus, because of the lack of gravity data , it is not possible to distinguish
between the two convergence models.

We therefore believe that  useful new constraints could be provided on the
rheology of the l i thosp here and tectonic models for convergence zones using
gravity data obtained by a dedicated satellite. En order to address the tectonic
problems i l lustrated in Fi gures 14 and 3.5 , a resolution of 100 km and
accuracy of 10 mgal would be sufficient.  However , since elevation data are
not available for the Himalaya (or for other parts of young  orogenic belts
such as the Zagros range and the Andes), provision must be made to acquire
such informat ion .

4
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FIGURE 3.4 Calculated Bouguer gravity anomalies for a model in which the continental
crust is continuous beneath the Ganga Basin , Himalaya, and Tibet. (After Warsi and
Molnar , 1979.)

3.1.4 Ice-Covered Regions

An important  geological problem is the structure and state of isostatic equi-
librum for the large ice-covered regions of the continents such as Greenland
and Antarctica. The gravity field is poorly known for these regions, and over
Greenland it is unknown except for coastal areas. The Arctic Basin is also of
particular interest. A dedicated gravitational satellite mission is the only
means , we believe , of resolvi ng these geologica l problems.
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FIGURE 3.5 Calculated Bouguer anomali es for a model in which the Indian plate under-
thrusts the A sian plate at 10°, 15° , 20°, and 30° at the main boundar y fault (MBF).
(After War si and Molnar, 1979.)

Gravity from these ice-covered areas would provide evidence on the state
of isostatic compensation of these ice loads and the flexure of the ~Lho-
sphere. These results would help in evaluating isostatic compensation of the
continents and its possible t ime dependence .

The gravity field is also dependent on both the basement topography
beneath the ice sheet and configuration of deeper crustal layers such as the
Moho. In regions where ice thickness is known , the effect of basement topog-
raphy can be calculated and a study of the isostatic balance made. In regions

- ,-~~ tit

-
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where ice thic kness is not known , high-resolution (50— 300 km) observations
of the gravity field with an accuracy of 10 mgal or better will place usefu l
new constraints on basement topograp hy.

L
3.2 OCEANS

With the advent of spring-type sea gravimeters , it h as become possible rou-
tinel y to obtain gravity measurements on surface ships in a variety of sea
conditions. Gravity measurements have been obtained along more than 2
million nautical miles of ship track s in each of the world’ s oceans . However ,
altho ugh coverage of the oceans in the northern hemisphere is generally satis-
factory , covera ge is sparse or absent in the southern hemisphere south of
about 27~ S latitude.

A number of studies have been carried out using existing gravity data to
evaluate quantitativel y the state of isostasy at different geological features on
the ocean floor (for example , McKenzie and Bowin , 1976~ Watts , 19 78a).
These studies are important since the nature of the isostatic mechanism that
applies at a feature provides information both on its origin and the rheolog-
ical properties of the li thosphere. For example , studies of gravity and
bathymetry (or depth of the seafloor) have shown that the oceanic litho-
sphere responds to long-term (106 years) topographic loads in the oceans ,
such as seam oun ts and sediments , in a similar manner as a thin elastic plate
overlying a weak fluid.

A useful parameter in these studie s is the effective flexura l rigidity of the
oceanic lithosphere , which is a measi re of the thickness of the elastic plate.
Figure 3.6 is a plot of the elastic thickness of the oceanic lithosp here deter-
mined from different loads on the Pacific plate against the age of the plate a t
the time it was l oaded (Watts , 1978a). This figure shows that features formed
on young oceanic lithospheres , such as the topogra phy of oceanic layer two
at the East Pacific rise crest , require a relatively thin elastic plate , while
features formed on old oceanic lithosphere , such as the Hawaiian-Emperor
Seamount Chain , require a relatively thick plate.

This simple re latio nship between ela stic thick ness an d age for the ocea n ic
lithosphere suggests that gravity measurements can be used to distinguish be-
t ween models for the origin of geological features on the ocean floor. For
example , it has now been shown , using this relationship, that a number of
features on the ocean floor were gen erated eith er at or near a r idge crest
(Ninetyeast and Walvi s Ridges, fracture-zone and ridge-crest topograp hy) or
as a young load on an old plate (Mid-Pacific Seamounts , Hawaiian-Emperor
Seam ouri t Chain , Louisville Ridge).

Figure 3.7 shows the isostatic response functions for the East Pacific Rise
Crest and the Hawaiian- Emperor Seamount Chain in the Pacific Ocean. These

-
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FIGURE 3.6 Plot of elastic thickness (or rigidity ) determined from different loads on
the Pacific oceanic plate against the age of the plate at the tim e it was loaded . Oceanic
isotherms based on the cool ing plate model are show n as solid lines at 300°C intervals.
(Watts , 1978a.)

functions reve al at what wavelengths isostatic compensation at these features
becomes important. For the rise crest , compensation is important for wave-
lengths in the range of 30—300 km . For the Hawaiian-Emp eror Seamount
Chain , compensation is important for wavelengths in the range 200—800 km. 

- 
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FIGURE 3.7 Isos tatic response function for the East Pacific rise and the Hawaiian -
Emperor Seamount Chain in the Pacific Ocean. This figure reveals at what waveleng ths
surface features in the Pacific are compensated. The figure also reveals the required
resolution for a dedicated gravitat ional satellite mission to address certain geological
problems. (Watts , 1978b.)

Since a number of studies have now shown that these functions also repre-
sent the relationship between gravity and bathymetry at other geological
features, we can use them as a reliable guide to illustrate the usefulness of a
dedicated gravitational satellite mission. For example , Figure 3.7 sh ows th at a
resolution of not better than 200 km would be sufficient to provide informa-
tion on the stat e of isostasy at y oun g feat u res on an old plate (Hawaiian-
Emperor Seamount Chain , Mid-Pacific Seamounts). Since these response
fu nctio ns, which can be fitted by theoretical response functions based on the
plate model of isostasy , expl ain observed gravity anomal ies with a standard
error of about 10 mgal , a standard error of about 10 mgal in the observe d
gravit y fie ld or less is acceptab le. However , in order to resolve inf or matio n on
features generated at ridge crests (aseismic ridges , fracture-zone topograp hy ,
rid ge-crest topograp hy) a resolution not better than 30 km is sufficient and a
standard error of about 4 mgal or less is acceptable.

With the advent of satellite altimetry, such as used during the GEOS-3 and
SI-~ASAT- l  missions , it has now become possible to determine the shape of
the sea-surface topography. The sea-surface topography can be used to deter-
mine the marine geoid with an accuracy of about I m . In the absence of
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noise , t he determination of the marine geoid would give information on the
gravity fi eld in the oceans equiva len t to th at obtai ned by sur face-ship gravity
measureme n ts . However , in the presence of noise, al t imeter measu reme nt s are
most useful in the determination of the gravity field for relatively long wave-
len gt hs, while surface-ship measurements are most useful in the determination
of the f iel d for short wavelen gths .

- 
Table 3.1 shows noise-to-signal ratio against wavelength obtained from a

comparison of gravity anomalies recovered from GEOS-3 radar altimeter
data with terrestria l gravity measurements. This table indicates that it may be
possible to recover gravity anomalies from GEOS-3 altimeter data to a wave-
length of 200 km with a standard error of 8 mgal. Although this resolution is
not comp letel y acce pted and may only be tr ue in certain well-defined regions,
GEOS- 3 and SEASAT- I  data (either geoid heights or recovered gravity anom-
alies) wou ld seem to be adeq u ate to study young loads on old plates. How-
eve r , inter polation from this table also shows that gravity anomalies to a
resolution of 30 km cannot be recovered with a standard error of better than
about 25 mgal. Thus it does not seem that gravity anomalies recovered from
GEOS -3 data (or the measured geoid heights ) wou ld be adequ ate to st u dy
geological features generated at ridge crests.

The most satisfactory combination of gravity-field measurements required
to study geological features on the ocean floor would therefore appear to be
surface-ship measurements (for adequate resolution of short wavelengths) and
gravity anomalies recovered from GEOS-3 data (fo r adequate resolution of
long wavelengths). The main problem with this is that although surface-ship
measurements complement the coverage of GEOS-3 in some parts of the
ocean s (N ort h Atl antic , Nort h er n Indian , North and Southwest Pacific
Oceans) there are a number of regions where surface measurements are sparse.
These are mainl y confir~ d to the sou ther n oceans, south of latitude 30° 5.

Thus, a dedicat ed gravitational satellite mission would provide an impor-
ta nt new data base to study geological features on the ocean floor. An impor-
tant additio n to presen t inf orm ation , provided a resolution of better than 200

Table 3.1 Recovery of Gravity Anomalies ( mgal) fro m GEOS-3 Altimeter
Dat#

Predicted
Gravi ty  rms Standard Error Noise-to-Signal
Field Value from GEOS-3 Data Ratio

Point
values 42 27 0.64

l ° x 10 27 8 - 0.30
5

0 X 5° 15 2.7 0.18
aAl .t CT Rapp (in press).

- I
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km and a sta ndard error of 8 m gal or better cou ld be obtained , wo uld be the
coverage over the southern oceans , south of 30 S. These data could prov ide
new information on isostatic processes and the mode of formation of geolog-
ical features in the southern oceans , particularl y for features generated at a
rid ge crest. Since it is at present unlikely that the coverage of surface-ship
data wil l significantl y improve in these reg ion s in the nex t 10 to 20 years , a
dedicated gravitationa l satellite mission is , we bel ieve , th e onl y means to

- study these processes.

3.3 MANTLE CONVECTION

At present , the most likely contender for the mechanism that maintains plate
motions seems to be a form of thermal convection deriving its energy source
from initial heat and that produced by radioactive elements distributed in the
mantle. The success of the theory of plate tectonics depends on the fact th at
its predictio ns are large ly independent of the actual mechanism. Therefore , in
searchin g for constraints on convective processes in the mantle , one must
look for observations not exp lain ed in ter m s of the mechanical an d ther mal
properties of the plates. A class of observations of this kind to which much
current effort is directed is the longer-wavelength components of gravity and
surface topograp hy and their relationship as a function of wavelength
(McKenzie , 1977). It is clear from previous studies that significant long-wave-
length gravit y anom alies and associated resid ual depth -anomalie s (depths rela-
tive to a standard dept h versus age curve sh ow-i in the top part of Figure 3.8)
do exist for the oceans (Sclater et a!., 1975; Watts , 1976). Their interpreta-
tion as surface features produced by convection beneath the plates is not yet
completely prove n (Cochran and Talwani , 1977; Detrick and Crough , 1978).
In part , the inconclusiveness in the interpretation is due to the fact that a
systematic analysis of the relationship between gravity and residual depths as
a function of wavelength has not yet been done in these regions. Improve-
ment in gravity accuracy and especially coverage (shorter-wavelength informa-
tion is likely to be limited otherwise by an inadequate distribution of surface
data) is necessary if this is to be done properly.

Figure 3.9 illustrates a scheme of mantle convection in which the flow
occurs with two distinct horizontal length scales that have been proposed by
some authors (Richter , 1973; Richter and Parsons , 1975; McKenzie and
Weiss , 1975; Parsons and McKenzie , 19 78). The large-scale circulation is that
associated wit h the observed plate motions and the flow in the mantle re-
quired to return mass from the trenches to the ridges. The small-scale flow
occurs on a horizontal length scale much smaller than the sizes of the larger
plates (10 ,000 km for the Pacific), providing the mechanism of vertical heat 
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FIGURE 3.9 Sketch showing both the plates and associated large-scale flow and the
postulated smaller scale of convection beneath the plates (Parsons , 1978).

tra nsport u nder the older parts of t h e ocean basins and un der con tinents . At
presen t , evide nce for the existence of small-scale convection is indirect and
comes from the observations of mean depth versus age in the Pacific and
North Atlantic (Parsons and Sclater , 1977). For ages less than about 70
million years , the mean depth varies as the squ are root of age (t½), as would
be expected for a simple cooling boundary layer of the large-scale flow.
Howeve r , in the old ocean basins the mean depths are significantly less than
predicted by the f~/2 relationship (Figure 3.8). This departure can be exp lained
in terms of heat brought to the base of the plate by small-scale convection.
The similarity of the depth ve rsus age curves for the two plat es, wh ich are
believed to move with sign ificantly different velocities , limits any dynamic
contributions to less than 500 m across these plates.

There is now considerable unders tanding of convection studied in the
laboratory and by numerical experiments , and these results are more relevant
to the proposed small-scale convection. This gives rise to a somewhat odd
situation. Our understanding of the observed large-scale circulation is not
sufficiently good to examine many of the observable quantities that would be
associated with it. We can do this for the numerical convection studies that
coul d be applied to small-scale convection , the existence of which depends at
present on indirect arguments. The importance of studies of gravity and
topograp hic anomalies is that they could provide the direct evidence cur-
reti tly lacking.

~
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One can put a resolution limit of about 400 km on gravity observations
that are li kely to provide information on mantle convection. This is obtained
by considering the attenuating effects of an elastic p late when convection
occurs beneath it. Figure 3.10 compares the gravity and elevation produced
by low-Ray leigh-number convection beneath a thin elastic plate to that pro-
duced in the absence of the elastic plate. At long wavelengths the normal
stresses at t he surface of the convecting region are balanced by gravitational
forces produced by deformation of this surface. For short wavelengths this
balance is provided by elastic stresses within the plate and litt l e de formation
results. For a flexura l rigidit y corresponding to the Hawaiian Islands (2 x
1030 dy ne-cm) the gravity and elevation are reduced by more than ½ for
wavelengt hs less than 400 km. In a complementary fashion , the gravity ef-
fects due to crustal loads on top of a thin elastic plate become small when
the wavelengths become larger than about 400 km (Fi gure 3.11), so th is
figure provides a convenient dividing line between gravity anomalies associ-
ated with surface loads and those due to mantle convection. Howeve r , its
value depends on flexural rigidity and , therefore , varies from place to place.

The re is not really an effective upper limit on wavelengths relevant to
mantle convection. The gravity produced by a convectin g region is due to the
sum of the gravity effect of the temperature variations driving the convection
and the gravity anomalies due to the deformation of both the upper and
lower bou ndaries of the convecting region. The deformation is due to the
nor mal stresses produced by the convection at these boundaries. At short
wavel engths the su rface b u l ge prod uces positive gravity an om alies over the
light rising column , and at wavelengths long compared to the depth of the
convecting reg ion the total gravity anomaly becomes small (Figure 3.12) as
t he competing gravity effects cancel each other. For convection confined to
the upper mantle (700-km depth) this would give an approximate upper
wave length of 4200 km. Small-scale convection is believed to have a char-
acteristic hori zontal length scale determined by the depth of the convection.
This would give a wavelength range of interest from 700 to 3000 km , incl u d-
ing the possibilities of both upper- and whole-mantle convection. Hence , we
can conclude that 400—3000 km is a wavelength band in which improve d
gravi ty estimates would be important for mantle convection studies. Within
t his band the relationship between gravity and surface deformation depends
on the actual form of convection (McKenzie , 1977). The amp litude of gravity
and to pogra ph ic anomalies and their relationsh ip as a function of wavele ngth
wit hin this range should provide information as to the existence of small-scale
convection and perhaps its form.

It is difficult to put precise values on the accuracy that would be needed.
For depth variations of the order of 250— 500 m and a magnitude of 10—20
mgal/km for the transfe r function between gravity and elevations , one wou ld
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FIGURE 3.10 The surface deformation and gravity for low-Raylei gh-numbe r convec -
t ion beneath a thin elastic plate relative to that prod uced in the absence of the plate
plotted versus wavelengt h. D is the t iexura l rigidity used to calculate each curve. At the
short-wavelength end , the normal stresses produced by t he convection are balanced by
elastic stresses in the plate and little surface deformation results (Parsons , 1 978).

need accuracies between 2.5 and 10 mgal. As it seems that GEOS -3  can
achieve this for wavelengths longer than 1000 km , a dedicated gravitational
sat ellite mission must address the question of achieving this accuracy for -‘

400-1000 km wavelengths.
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Over continents , however , such a mission would provide uni que informa-
tion not easil y obtained in any other way. There are certainl y two important
areas in which to make gravity observations over the continents that relate to
the problem of mantle convection and the driving mechanism. The first con-
cerns the gravity field over Africa. The general topograp hy of Africa is char-
acteri zed by a series of basins with intervening swells (Fi gure 3.13). The
African p late m a y  well have been stationary or slowl y moving ove r a long
period of ti me , an d i t has been su ggested t hat these topogra phic feat u res may
be related to small-scale convect ion beneath the African plate. A knowledge
of the associated gravity field would hel p decide this question. The second
area would be the determination of the gravity field over the Himalaya and
Tibet. Since the collision of india with Asia , India has maintained a north-
ward velocity of 5 cm/yr , slower than the 10 cm/yr before the collision , but
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FIGURE 3.11 This shows the transfer function Z, in mill igals per kilometer , between
gravity and elevation versus wavelength for a model in which the surface elevation is due
to var iations in crusta l thickness load ing a thin elast ic plate . D is the fl exura l rig idity of
the plate. The gravity anomaly produced by such a model goes to zero for long wave-
lengths (Parsons, 1978) - 
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FIGURE 3.12 The transfer function Z, in milligals per meter, for convection in a
layer versu s nond imensional wavenumber , K’ (scaled by the depth of the layer). The
solid curve is for low-Raylei gh-numbe r convection with both top and bottom boundaries
deformable; the dotted curve results when only the top boundary is allowed to deform.
The circles and crosses are for a t ime-dependent numerical experiment with a Rayleigh
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arTows indicate errat ic observation s, off scale. (From McKenzie . 1977.)
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FIGURE 3.13 A general picture of the basin and swell-type topog raphy of Africa.
(After Holmes , 1 965.) The line at bottom left is 1400 km in length. Knowled ge of the
gravity field over the whole of Africa might help to decide whether the basin and swell
topography might be produced by small-scale flow beneath a stationary Africa n plate.

still rapid. Similarl y, Arabia , further west , maintains a rap id converge nce with
res pect to Eurasia. There is no obvious mechanism that can do this , but there
may be long-wavelength gravity anomalies over these areas associated with the
forces driving the return flow away from the mantle underneath Tibet.

3.4 SUMMARY

The following summarizes the applicat ions of gravity data fr om a dedicated
gravi tat ional  satell i te flh iSSiOfl to geological and geoph ysical problems.

4
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I .  A dedicated gravitational satellite mission will provide an impor tan t
new data set over the continents , p articularl y over Sou t h Am erica . Africa ,
and Asia . where terrestrial measurements are sparse.

2. Provided the gravity data can be estimated in areas with sufficient
elevation data , data from a dedicated gravitational satellite mission can be
expected to provide new information on the structure and state of isostasy
ove r shield areas and orogenic belts.

3. In order to obta in new information on sedimentary basins , shield areas ,
and orogenic belts, prelim inary studies indicate that a reso lu tion of 100 km
and an accu racy of about 10 mgal is sufficient , but 3-5 mgal accura cy would
extend the usefulness of the data considerably.

4. A dedicated gravitational satellite mission will pro vide useful new infor-
mation on the gravity field in oceanic areas , particularl y in the southern
oceans south of latitude 30° S. However, in other areas of the oceans , surface-
ship measurements (for resolu tions of 10—200 km) and GE OS- 3  altimeter
measurements (fo r longer resolutions) may be sufficient.

5. In those regions of sparse gravity coverage , a dedicated gravitationa l
sate llite mission appears likely to be able to resolve features generated on
relatively old parts of the plates b ut appears unlikel y to resolve feat ures
generated at or near midoceanic ridge systems.

6. A dedicated gravitational satellite mission appears to have potentiall y
the greatest impact on our understanding of the processes that occur deep in
the earth , such as t hose associated with mantle convection. Of particu lar
inte rest will be the new gravity data over Africa and the Himalaya.

7 The resolution range that is of most interest in studies of mantle con-
vection is 400 to 3000 km, and the accuracy requirement is of the order of
2.5 to J O rngal. A dedicated gravitational satellite mission is the only f easible
means, we believe, of achieving this resolution over the continents of in terest.
In addition , although the resolution of gravity data obtained f r om the GL OS-
3 mission is at present unclear , the dedicated gravitational satellite mission
may provide the only means of ach ieving this reso lut ion over the oceans.

a



4
Oceanography

The ocean circulation is a problem of inherent scientific interest as well as
great practical importance. This circulation transport s heat , momentum , and
various chemicals in different directions and affects ships at and below the
su r face. At the surface , there is complex interaction with the atmosphere ,
leadi ng to effects on the weather and the climate. Description of the structure
of the currents and understanding their dynamic s is fundamental to solving
the i mportant and practical problems of poll utant transport , navi gation , and
long-term climate variability.

4.1 OCEAN CIRCULATION AND THE GRAVITY FIELD
To describe the ocean circulation , a three -dimensional picture of water move-
ments is required. Direct velocity measurements at a point are noisy and
expensive , an d an enormous n u mber woul d be requ ired . Thus, the large-scale
pressure field , from which slowly varying, large-scale geostrop hic currents can
be inferred , offers the best possibility of a globa l determination of velocity.
For the atmosphere , we have th e pressu re fi el d at the botto m from baro m-
eters p lus accurate surveying, which , together with the density field inferred
by radioson des or satel lite soundings , yield a three-dimensional picture of the
geostrophic movements of the air. In the ocean , it is not possib le for u s to
obtain an equiva lent bottom pressure field. The signal/ambient pressure ratios
ar e much smaller (factor of about 500), and the depth of the ocean fl oor is
difficult to measure to the required accuracy of a few centimeter s. Thus the - -
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pressure gradient at the surface appears to be the only feasible way to infe r
the global distribution of currents. Such surface-pres sure gradients can be
inferred from the slope of the sea surface relative to the geoid and can be
obtained by combining satelliteborn e altimeter measurements with an inde-
pendently determined geoid.

In the absence of knowing the density field , sea-su r face pressu res give only
the sea-surface velocities. These are intrinsically important and usefu l them-
selves , although less so than the ful l thr ee-dim ensional velocit y field t h at
describes the general circulation. In order to determine a three-dimensional
velocity field , it is necessary to know the density field in the ocean. Unfo r-
tu nately, the density field cannot be obtained by any known satellite tech-
nique and must be determined with great difficulty by ships at sea.

The magnitude and horizontal scales of oceanic flows of interest are shown
schematically in Figure 4.1. Mean flows such as the eastern and western
boundary currents and large gyre circulations have pressure signals of the
order of 10- 100 cm on scales from 100 to 10,000 km. Time-dependent
eddies (weeks, months) and seasonal variations have signals of the order of
tens of centimeters and scales of 100—10 ,000 km.

We expect that the sea-surface-hei gh t measuremen t accur acy now ach iev-
able by altimetry (aboU 10 cm) is sufficient to show many of the feature s
indicated in Figure 4.1. Howeve r , a geoid of comparable accuracy on the
appropriate dista nce scales is also required.

An immediate and obvious major application of an improved gravity field
is in regional oceanography. If an operational altimetric satellite is available ,
an investi gator doing conventional hydrographic work with a ship would be
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FIGURE 4.1 Sea-surface heights for various ocean phenomena.
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able , for the first time , to determine the absolute geostrophic velocity field in
the sea. Conventional hydrographic calculations have an equivalent intrinsic
accuracy of about 10 cm. Changes over horizontal distances of 30—50 km are
significant; thus a geoid of similar accuracy is needed.

4.2 IMPROVED KNOWLEDGE OF THE CIRCULATION FROM EXISTING
DATA

The combination of altimetry, geoid , and mass field for determination of the
general circu lation of the ocean is a complex inverse problem that is just
beginning to be studied. Much could be learned from existing data about the
ef ficacy of this approach to the general circulation. These data consist of the
GEOS-3 and SEASAT-l altimetry , the various existing geoid model s, and the
historica l shipboard measurements of the density field. The quality of these
data varies enormously regionally, and apparently so do the underlying statis-
tics of the different fields. However , there are undoubtedly regions in which
t he existing data are adequate locally to determ ine the circulation and that 

-

would give considerable insight into the more global problem. In general , the
present altimeter data probably are most accurate on comparatively short
scales (because of orbital uncertainties at long wavelengths), the geoid is best
determined independent of the altimetry on the vary longest scales except
where shipboard data are available, and the mass field seems best determined
on the medium to long scales as well.

All oceanic flows must conse rve mass and also must reproduce known
features of the ocean , such as the major current systems. If mass conservation
is violated , then one can corr ect the geoid, altimetry, or density model to
bring the resu lt in to conf ormity with physical plausibility. We need specific
estimates of the errors (including full covariance functions) in the three
fields—density, geoid , and altimetry—in order to understand what we can
lear n from an incomp lete data set of a speci fi ed accuracy .

It seems likely that the limitin g factor in the use of improved geoids for
determini ng the ocean circulation is the absence of adequate in situ density
measurements. An alternative and complementary approach is to attempt to
use models of the density field. There will be a need for support of such
models and measurements in crucial areas , and they should be part of any
gravity improvement program.

Present altimeter output from GEOS-3 and preliminary output from
SEASAT -l  appear to contain a signal that coincides with the Gulf Stream.
Some identification of Gul f Stream rings also has occurred. These are hopefu l
signs, but there are many other components of the signal that are unidenti-
fied. If the task of transforming these qualitati ve signatures into quantitative

a 
data is successful using existing geoid and density field models in favorable
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regions , we can be sure that improved altimeter and gravity-field programs
will aid oceanographers in determining the surfac e geostrop h ic comp onents of
a variety of oceanic currents on a worldwide basis.

4.3 IMPROVED KNOWLEDGE FROM HIGH-RESOLUTIO N DATA

L Along both eastern and western con ti nen ta l mar gins of the ocean basi ns and
along the equator , the circulation patterns (and the sea-level topography) are
strong and narrow. The intense western bounda ry currents transport large
amounts of heat northward; the eastern boundary and equatorial circulation
patter ns are important in both climate variability and ocean productivity.

Programs to monitor such currents will have to take into account their
local features. For example , th e eddies and meanders of the Gulf Stream will
require altimetry spacing of less than 100 km every 2 weeks or less, if one is
to be able to deter mine the eddy contrib u tions to the cir culations . As another
example , the latitudinal banding of equatorial current systems may make the
identification of such systems easier than normal—at least in regions where
the gravity-field uncertainty is not similarly banded.

Along either side of the ocean , the mean sea-level slope along continental
shelves is thought to be directly related to sea-level slope in the deep ocean.
Little is now known about the shelf— deep sea coup ling, and altimeter moni-
toring pro grams cou ld clarify this. Sea slope can mai ntai n persi stent circ ul a-
tion patter ns on the conti nenta l shel f, which in tu rn distribute continental
pollutants and shelf and slope sediments. On the continental margins , the
gravity field has strong gradients , and here it will be necessary to determine a
high-resolution geoid for both boundary current and continental shelf circula-
tion studies. A useful check of accuracy of this geoid can be envisaged along
continental boundaries , both from terrestrial gravity measurements and geo-
detic leveling surveys.

The midocean turbulence (or eddy) field of 100—500 km scale may be an
important contributor to momentum and heat flux in the ocean. Its geo-
gra phical distribution is known to be nonuniform. The high-resolution geoid
in the midocean may be necessary to isolate the eddy-field signature in the
altimeter data. The broad spatial coverage available from the satellite meas-
ureme nts is probably the best way to determine the eddy distribution. In
some regions, like the South Pacific , it may be the only way. A number of
important questions could be addressed immediately. For examp le , in the
North Pacific , the eddy fIeld app ears to be relat ed to to pogra phic features. Is
this true in general? The discernment of such eddy features will require that
the distribution and/or spectrum of short-wavelength features in the sea-
surface height differ measurably from the same property of the geoid in that
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region. For examp le , if gcoid bu m ps and sea-surface eddies are both strong ly
related to ocean -bottom topograp h y, the n it may be diff icult  to sort one
from the other. The available evidence (Wagner , 1978) seems to show that the
spectra at the short er scales may be different , however , so there appears to be
hope for separating the eddy field. It is understan dable that  if improvements
of the small-scale geoid features are m ade , large-scale pattern description will
also improve.

— 
For time-dependent oceanic processes , it is important to note that the

gravi ty  determinat ion requirement is much weakened , as any time-dependent
change in the sea surface must be oceanv Sufficiently long-lived alt imetric
measurements could separate the time-dependent sea-surface elevations from
the means. The required averag ing times are , however , probabl y very long
(many years), and in the near -term the mean circulation will have to be
determined first in order to assist the determination of the fluctuations.
Auxiliary measurements will be required for greater understanding of the
structure of time-dependent ocean processes. For examp le , rece n t oceano-
grap hic experiments have shown that the mesoscale eddy field tends to have a
vertical structure that is described simply: most of the kinetic energy is to be
found in a structure that has one reversal of horizontal velocity with depth
(funda mental baroclinic mode); most of the remaining energy tends to be
uni form with depth (barotropic mode). If altimet ry in combination with the
geoid is to be used to st udy these eddies by determining their surface veloci-
ties onl y, the u niversality of this modal description will need to be deter-
mined. Dep loyment of in situ instruments (current meters and/or tempera-
ture devices) will need to be considered in selected regions to determine the
partitioni ng of the energy in the vertical .

4.4 RECOMMENDATIONS
The Oceanographic Applications Section has three major recommendations ,
notin g -first that the apparent best use of improved gravity information result-
ing from a dedicated gravitational satellite mission is in providing a better
knowledge of the str uct u re of the ocean circ ul atio n and , there fore , that it is
on ly the combination of geoid and sea-surface-height data rather than the
geoid alo ne that must be conside red.

1. Existing GEos-3 and SEA SA T-J altimeter data should be fully studied
(including complete statistical error analysis) in conjunction with existing
geoid and ocean-density data to assess what can be learn ed about ocean
circulation.

4

- - - - - 4  - ,Y_, — - - - ~- e  - . , . ,S ~t -

,1



36 DEDICATED GRAVITATIONAL SATELLITE MISSION

2. An attempt should be made to use existing knowledge of ocean circula-
tion (position and approx imate magnitude of ma/or currents , mass and salt
conservations, for example) to improve our understanding of the implications
of the constrain ts linking density, altimetry, and the geoid.

3. Efforts should be made to provide a global geoid such that , between
points separated by horizontal dis tances of 100 to 3000 km, the undulation
differences can be known to 10-cm accu racy. Altimeter measu rements should
also continue, and error analysis and cost/benefi t studies shou ld be made.
There are many ways in which such data could be uniquely important to
ocean-circulation studie&

a



5
Geode sy

The two previous chapters hav e considered the use of the improved gravity
in formation obtained f rom a dedicated gravitational satellite mission in the
geop hysical and ocean ographic areas. There are a number of other areas in
which the use of the gravity information might be valuable. Such possible
uses range from the study of the geometry of the gravity field (including time
variations ) to the improvement of our determination of satellite orbits to
possible app lications in classical geodesy .

5.1 IMPROVEMENT OF SATELLIT E EPHEMERIDES
The most important geodesy-related application of a dedicated gravitational
sate ll ite mission is the improvemen t of the accu racy of arti fi cial eart h-satellite
ephemeris calculations through the improved knowledge of the gravity field.
This would lead to enhanced use of satellites for study of problems in geod-
esy , geophysics, astronomy, oceanography, and physics. For some of these
problems, satellites provide a unique opportunity, and the improved ephem-
eris is essential.

Specific geodetic satellites are listed in Table 5.1 together with their main
missions.

Details of the ephemeris proble ms h ave been given by Anderle (1978). The
con t r ib utions expected from a dedicated gravitatio n al satell ite mission to t he
improvement of the ephe merides of the satellites shown in Table 5.1 are
summarized below.
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Table 5.1 Primary Missions of Geodetic Satellites 
______________

Satellite Primar y Mission
SEASAT -l and follow -on altimetry Ocean geoid and sea-surta c e topography
LAGEOS Earth rotation and c rusta l motion
STAR L ETT E, GEOS-3 , and BE-C Earth rotation , solid-earth and ocean tides
NNS Polar motion and geodetic positioning
NAVSTA R GPS 

_____ ______ 

Navigation _and_positioning 
-

5. 1.1 GEOS -3 , SEA SAT -1 , and Follow-on Altimet ry
The G EO S-3 and S L A S A T - l  satellites were intended to determine the ocean
geoid and ocean topogra phy. The measured satellite-to-sea-surface range un-
certainty is less than 10 cm. Sufficient SFASAT - l  data were acquired before
fai lure to map the topography accurately at about l?5 track spacings , but the
ti me span and redundancy of data are insufficient to deduce tides and other
time-varying features. Launch of follow-on satellites is expected to allow
comp letion of the program . While a dedicated gravitational satellite mission
wou ld con trib u te significantly to the determination of the ocean geoid , and
special analysis techni ques can be employed to minimize the e ffects of orbit
bia s on the determination of the topography, precise satellite orbits would
sim plify and improve confidence in the data anal ysis. The available models of
the gravity field yield satellite orbits that are in error by 3 or 4 m in altitude
for orbit fits longe r than a day. Figure 5.1 shows the tangential residuals for
fits to SEASAT- l  Doppler observations using G E M - l O  and N WL IOE gravity
coefficients. (The tangential errors are 2 to 4 times larger than the height
errors , but the hei ght errors cann ot be extr acted from a single pass of Dopp ler
data.) The residuals are about the same level for the two gravity-field models
but radica lly different at some geographic locations. Smaller differences
(Tables 5.2 and 5.3) are found in orbits fit to Dopp ler data for two revo l u -
tions of the satellite. Both parts of Figure 5.2 show that height errors are
about 1.5 m for both gravity-field representations.

From these comparisons one finds that the uncertainty in the heig ht of
SEASAT -l is about 1.5 m at 40,000-km wavelength and 20 cm at 7000-km
wavelength. A dedicated gravitational satellite mission would significan tly
red uce the gravity-field modeling error contribution to the satellite ephemeris
of SE ASAT- l  and GEOS -3.

5.1.2 LAGEOS and STAR LETTE

The LAG LOS satellite was constructed with a low area-to-mass ratio and an
orbit geometry that would minimize solar radiation and drag forces on the
sate llite. Achievement of full accuracy in crusta l motion and earth-rotation
deter minations requires an improve d determination of the earth’ s gravity field
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FIGURE 5.1 Tangential Doppler residuals to GEM-b and NWL 1OE orbit s. (It
Anderle, Naval Weapons Laboratory, Dahlgren, Virginia, private communicat ion.)

to red uce ephemeris errors , especially for STARLETTE. This requirement
still exists and might be satisfied with data from a dedicated gravitational
satellite mission.

5.1.3 GEOS-1 , GEOS-2, and BE-C
It has been demonstrated that precision tracking of the geodetic satellites
can yield significant data on the earth’s rotation (Smith et a!., 1972;Schut z
et a!., in press) and earth and ocean tides (Lambeck et al ., 1974 ; Felsentrage r
et a!., 1978 ; Goad and Douglas , 1977) in two important ways. First , the
temporal change of the mass distributions of the solid earth and oceans gives
rise to satellite perturbations. Second , the kinematic motion of the earth ’s
surface can be measured indir ectly. While much more limited in ultimate
ephemeris accuracy than LAGEOS and STARLETTE , because of higher drag
and radiation pressure effects , usefulness of these geodetic satellites is at
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present limited by the gravity-field models. A dedicated gravitational satellite
mission agai n would significantly reduce the gravity-field modeling erro r con-
tributio n to the satellite ephemeris of these sate llites.

5.1.4 Navy Nav igation Satellites
Doppler data on Navy Navigation Satellites ( N N S)  since 1 969 have provided
routine data on polar motion and a worldwide geodetic system with an accu-
racy of I m. The accuracy of both pole position and geodetic positio n is
li mited by uncertainties in NNS ephe merides , which is due to uncertainties in
the gravity field. The estimated level of the errors in the ephemeris is about 2
in in each component of position. Peak errors 3 or 4 times this level probabl y
exist in specific geograp hic locations. While drag, radiation force , and instru-
ment errors are not far below the levels of uncertainties in the gravity field ,
the drag and radiation e ffects can be reduced with the launch of the surface-
force -compensated satellites , and instrument errors can be reduced with bet-
ter oscillators in the grou nd receivers and by other techni ques. A dedicated
gravitational sate llite mission would contribute material ly to the reduction of
pole -position errors from the current 60 cm to the predicted precision of 7
cm over 48 hours or less.

5.1.5 NAVS T AR Global Positioning System
Because of gravity-field model error and gravity-field model truncation , tests
of the orbit accuracy for a Global Positioning System satellite indicated that
the error is less than 2 m. Not only is this error relatively small , but com pari-
son of trajectories with truncated fields and other studies indicate that the
differe nces are p rimaril y d ue to resona nce ef fects , which are not expected to
be significantly reduced by data from a dedicated gravitational satellite mis-
sion.

5.L6 Ephem eris Improvement in General
Further study is required to establish the detailed requirements for a dedi-
cated gravitational satellite mission to improve satellite ephemeris accuracy.
The scale of the prob lem can be seen from a numerical study (Anderle ,
1976), which was limited to errors of omission in the spherical harmonic
coefficients representing the earth ’s gravity fiel d above degree an d orde r 25.
On satellites similar to GEOS -3 and SEASAT -l , this error E can be approxi-
mated by

E ~ meters ~ meters
N 12
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where N is the n umber of geopotential coe fficients used in the calculation.
Although this emp irica l resu lt shou ld n ot be ex tr a polated bey on d degree 25 ,
it does indicate that considerable improvement in knowledge of the higher
har monics of the earth ’s gravity fi eld is necessary to ach ieve a 10-cm ephem-
eris accuracy.

Other approaches to the ephemeris improvement problem may be more
suitab le. For example , continued anal ysis of precision grou nd -tracki ng data
might provide gravity-field models tailored to a particular satellite. Also, satel-
lites equipped with Global Positioning System receivers will be able to pro-
vide an ephemeri s with an accuracy of 50 cm , with postproce ssing of the
data. Such a procedure would not place stringent requirements on the geo-
pote ntial model and thus would not require improvement of the model.

5.2 USES OF GRAVITY IN CLA SSICAL GEODESY
Gravity in classical geodesy is used for the determination of the geoid and the
deflection of the vertical. In the establishment of horizontal geodetic control ,
the knowled ge of the geoid on land is necessary for the re duction of observed
distances to the reference surface , i.e., to the geodetic datum.

In vertic a l geodetic con tro l , the knowled ge of the geoid along the coast ,
together with the sea-surface topography, would play an importan t role in the
establishme nt of the vertical datum. Also , precise geoid undulatio n differ-
ences are needed for the accurate determination of orthometric height diffe r-
ences fro m ellipsoidal heights derived from three-dimensional (satellite and
other) positioning techni ques. To prevent sign ificant dilution of otherwise
attainable accuraci es, relative geoidal heights good to about 10 cm/ lOO km
are needed.

Det’lections of the vertical on land are needed for reduction of observed
hori zontal and vertical ang les to the reference ellipsoid. For the purpose of
hori zontal angle reductio n , onl y regional tre n ds of the de flection field are
needed. For vertical angle corrections , an accuracy of about 1 sec of arc is
needed. To obtain this accuracy, more gravity information is needed , particu -
lar ly in the offsh ore areas .

5.3 THEORETICAL PROBLEM S
Of fundamental theoretical importan ce is the possibility that the new type of
data fro m a dedi cated gravitatio nal satellite mission would allow a significant
im provement in the statement and solution of the boundary-value problem of
physical geodesy . For example , t he determination of positions on the surface

a
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of the earth by either using only gravity data and the ideas of Molodenskii
(Molodenskii et a!., 1962), or an “in te grated geode sy ” approach (Egg and
Krarup , 197 5) using all types of available geodetic information , coul d be
facilitated with data from a dedicated gravit ational satellite mission.

Related to the above is the recognition that the theoretic al foundation for
t he determination of gravity para m eters on the su rface of th e eart h fro m
observations at sate llite altitude requires further anal ysis. The measurement
systems under discussion observe linear or nonlinear functional s of tlv’ earth ’s
gravity field. The problem is to determine gravity parameters on the earth ’s
surface without losing too much of the gravity information contained in the
observations. This type of problem implies two fundamental difficulti es:

I .  The surface on which gravity is to be determined is not known (actu-
ally t he gravit y parameters to be det ermine d should con trib u te to the deter-
min ation of that su rface ) ;

2. The downward continuation from satellite altitude to the surface of the
earth. -

The first difficulty makes the introduction of an approximate reference
surface necessary . For most app lications up to now , a spherical approxima-
tion was su fficient. For the stringent scientific goals of a dedicated gravita-
tio nal satellite mission , one will have to consider the ellipticity of the earth
and the eart h ’s topography for the continents.

The second difficulty—the downward continuation problem—is caused by
the so-called “improper ly posed ” mathematical problem. The resulting insta-
bility of the approximate solution requires a regularization method. For the
envisaged high-resolution mission , t he theoretical and numerical nature of the
underlying problem has to be carefully investigated to use fully the gravity
information contained in the observations. —

5.4 RECOMMENDATIO NS
Significant improvement of geopotential models is necessary for improved
sate llite ephemerides based on dynam ical models. A dedicated gravitational
satellite mission does not have a uniqu e role in accomplishing this improve-
ment . Howeve r , we recommend further study to

(a) Establish the requirements on the gra vity field to obtain a stated
ephemeris accuracy ;

(b) Investigate if a dedicated gravitational satellite mission is the best
approach to improve the gravity field for ephemerides ;
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(c) Examine the trade-o ff between a Global Positioning System-estab-
lished epheme~is and one derived from a dynamic model requiring an im-
proved geopotentia l model and precision tracking data; and

(d) Examine fundamental theoretical problems in physical geodesy that
need to be solved before complete use can be made of high-precision data
taken at satellite altitudes .

a
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6
- Conc lusions and

Re commend ations

6.1 SOLID-EARTH APPLICATIONS— CONTINENTS
The major gaps in our knowledge of the earth’s gravity field at the 10-mgal
accuracy and 200-km wavelength level are over the continental areas of Asia ,
Africa , and South America. Filling these gaps by means of a dedicated gravita-
tional satellite mission would be a major contribution to solid-earth geo-
physics.

A dedicated gravitational satellite mission providin g gravity data at the
10-mgal accuracy and 200-km wavelength level would p lay a unique role in
continental geophysics; we can visualize no other practica l means for obtain-
ing these data on a time scale to be of use to the presen t generation of
geophysicist& Important contributions would be made to our understandi ng
of isostasy, the formation of orogenic belts by the collision of continental
plates, the formation and evolution of sedimentary basins , and the response
of the earth to ice loads~ Data from Africa could be important with regard to
a possible small-scale convection pattern in the mantle.

6.2 SOLID-EARTh APPLICATIONS—OCEANS
The possible contributions of a dedicated gravitational satellite mission to
solid-earth geophysics over the oceans are somewhat less obvious for three
reasons: ( I )  The oceanograp hic effects are sm all an d therefore to a good

47
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approximation , the sea surface can be interpreted as an equipotent ial surface
whose shape is representative of the gravity field. It is estimated that where
(;Eos 3 alt imetry is available the gravity field has been determined to about
8-mgal accuracy and 200-km wavelength and that the remaining gaps can be
filled by use of additional satellite altimetry. (2) The lithosphere beneath
recently created ocean floor is thin and not capable of supporting massive
loads; features are therefore closely compensated isostatically, and their
associated gravity anomalies are small and local. (3) The geophysical inter-
pretation s require knowledge of the seafloor topography, which is not obtain-
able from satellites.

Nevertheless, if the data from the dedicated gravitational satellite mission
improved the accuracy and resolution of estimates of the oceanic gr avity field
over those based on present altimetry data , it would significantly contribute
to knowledge about the thickness of the oceanic lithosphere , the formation
of topograp hic features , and asthenospheric convection. The requirement
here is a minimum accuracy of 2 .5—JO mgal and a reso lution of 100-1000 km.
Even more detailed gravimetric information is obtainable f r om shipboard
surveys but it is unlikely that coverage of the southern ocean s will improve
sufficientl y during the next decades; and therefore the dedicated gravitational
satellite mission would be unique in improving our knowledge of the entire
ocean surface in a reasonable time span.

6.3 OCEANIC CIRCULATION APPLICATIONS
The height of the ocean surface relative to the geoid is a direct measure of the
pressure field driving the near-surface geostrophic circulation of the ocean.
Heights of the order of a meter are associated with the western boundary
currents and the mean circulation , and of the order of 10 cm with eddies and
the eastern boundary currents. Knowledge of this topography would deter-
min e the near-surface flow and be an important contribution to physical
oceanography. However , the more interesting three-dimen sional velocity field
also depends on the density distribution within the ocean so that knowledge
of the sea-surface topography alone will not allow the oceanic circulation to
be determined. On the global scale, this circulation has to be dete rm ined by
an inversion process involving the sea-surface topography and density distri-
bution , in which one may impose additional constraints. In conjunction with
an operational altimetric satellite , improve d geoids can be used to determine
strai ghtforwardly the absolute geostrophic field of flow—something that can-
not be done at present.

a
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The studies necessary to determin e what would be gained by knowing the
sea-surface to pography within prescribed limits of accuracy h ave not been
made , but undoubtedly knowledge of this topography with 10-cm accuracy
would constit ute an important contribution to physica l ocea n ography.

The gradient of the distance between the mean ocean surface and the
geoid is the significant quantity, so that both altimetry and gravimetrically
determined geoid undulation differences are needed at the 10-cm accuracy
levels between points separated by horizontal distances of 100 to 3000 km. A
suitable dedicated gravitational satellite mission capable of providing such
geoid information would be unique in its ability to cover the entire ocean
surface in a reasonable time span.

6.4 EPHEMERIS AND GEODETIC APPLICATIONS
The gravity-field modeling errors in all satellite-orbit computations would be
red uced as a result of a dedicated gravitational satellite mission , and satellite
position errors would be correspondingly reduced. Howeve r , fur th er stud ies
are needed to quan ti fy th is conclusion , and there are other ways to improve
satellite positioning—for example , the use of the Global Positioning System.
The dedicated gravitational satellite mission would not contribute impor-
ta n t ly to positionin g prob lems in classical geodesy . Such a mission, however,
could be important in leading to a better statement and solution of the
boundary-value problem of physical geodesy.

65  RECOMMENDATIONS
In view of the possible important and unique knowledge to be gained from a
dedicated gravitatio nal satellite mission , particularly in the areas of solid-earth
geophysics and ocean circulation , we make the following recommendations:

1. The National Aeronai.4tics and Space Administration should continue
and initiate a number of thorough in-house and outside studies of gravita-
tional satellite missions with the objective of making realistic estimates of the
gravity and geoida l information recoverable f r om high- low, low- low, and
gradiometer missions~ These studies should either lead to the definition of an
optimum mission or to an understanding of the relative advantages and dis-
advantages of each type in terms of accuracy, resolution, cost, and time
required for implementation.
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2. Definitive oceanograph ic studies should be made in order to establish
more prec isely how a gravitational satellite mission will affect ocean-circula-
tion models and what geoidal accuracies ait ’ needed. These should start with a
detailed study of existing GEOS-3 and SEA SA T-l altimeter data in conjunc-
tion with existing geoids, and there should be a continuing interaction be-
tween analyses of the gravity mission capabilities and the oceanographic re-
quirements.

- 3. A study should be initiated to clarify the theoretical and practical
aspects of the downward continuation pr oblem of obtaining high-resolution
gravity information on the surface of the earth f r om observations at satellite
altitude.

It was not the purpose of the Workshop to make recommendations on a
specific ty pe of dedicated gravitatio n al satellit e m ission or on th e techn ologi-
cal aspects thereo f. However , such recommendations should follow the
studies suggested above and at the end 1f some of the preceding chapters.
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